Solidification microstructures of Cu-40 wt.% Pb alloy were examined under different undercooling degrees. e liquid phase separation mechanism in the systems with stable miscibility gaps mainly involved Ostwald ripening, Brownian motion, Marangoni migration, and Stokes motion. Stokes had little influence on the liquid phase separation in the early phase and played a leading role in the later period. e liquid phase separation mechanism of Cu-40 wt.% Pb hypermonotectic alloy was illustrated in detail.
Introduction
Since Nakagawa [1] first detected the liquid phase separation in undercooled Cu-Fe and Cu-Co systems by magnetic methods in 1958, liquid immiscible alloys have been attracting wide attention from the researchers in materials science [2] [3] [4] . In the phase diagrams of these alloys (Cu-Pb monotectic alloy and Cu-Fe peritectic alloy), there is a stable or metastable liquid miscibility gap over a wide range of compositions.
ese immiscible alloys are easily transformed into seriously segregated microstructures under ordinary solidification conditions. Previous studies [5] [6] [7] revealed that two liquid phases with different compositions coexisted once the homogeneous alloy liquid was cooled into the miscibility gap.
e globules of minority liquid phase were generated, and then they grew and migrated under a combined effect due to complex factors, including the Marangoni motion [8] , Brownian motion [9] , convective flow [10] , gravity [11] , wettability between the two liquid phases [12] , and cooling rate [13] . Apparently, the seriously segregated microstructure of immiscible liquid alloys under normal ground conditions has greatly restricted their broad applications.
Monotectic alloy is a representative immiscible alloy. e study on its liquid phase separation mechanism might expand its application scope. If the second phase is homogeneously dispersed by an appropriate method, many potential special properties of the monotectic alloy [14] can be obtained for wide engineering applications. In previous studies on the liquid phase separation mechanism of monotectic alloys, L2 was generally treated as the primary phase in the initial stage of solidification, and the separation of liquid phase and the process of monotectic reaction were confused together. e study aims to explore the phase separation and formation of monotectic cells of monotectic alloy. Phase diagrams (Figure 1 ) of Cu-Pb monotectic alloys were obtained. In hypermonotectic alloys with the composition range of 37.4-86%, the liquid phase separation phenomenon occurred above the monotectic temperature. erefore, in this study, the Cu-40 wt.% Pb hypermonotectic alloy was investigated, and its position in the phase diagram [15] was marked with the arrow (Figure 1 ).
Experiment
e specimens of Cu-Pb alloys with the desired compositions were prepared with high-purity Cu (99.99%) and Al (99.99%). In order to ensure that the cooling conditions of the specimen were the same, the weights of all the specimens were the same, 10 g. e experiment involved two steps. Firstly, the microstructure of Cu-40 wt.% Pb melt in the initial stage of liquid phase separation was observed. Secondly, the microstructures of Cu-40 wt.% Pb melt under di erent degrees of undercooling in the middle and late stages of liquid phase separation were observed.
Quenching on a Copper Chill Plate.
First of all, the master alloy was melted by RF induction melting facility. Each specimen was placed in a quartz tube with a hole (diameter: 0.3 mm) in the center of its bottom, and its temperature was measured by an infrared thermometer. In this experiment, the infrared thermometer CIT-2MK2H produced by Beijing Sanbo Zhongzi Technology Co., Ltd., was used, and its response time was 1 ms. e pressure in the quartz tube was evacuated to 2 × 10 −4 Pa and back lled with 50% Ar + 50% He gas atmosphere to the pressure of about 100 kPa. When the melt temperature was lower than the liquid and higher than the monotectic reaction temperature, the power of the RF induction melting facility was cut o . Subsequently, the alloy melt was atomized into small droplets by jet stream through the nozzle. In the end, the solidi ed particles were quenched on a copper chill plate under the quartz tube.
Conventional Cooling.
e thin scraps of saw metals were uniformly placed at the bottom of the crucible according to a predetermined distribution ratio, and then a certain amount of B 2 O 3 glass was covered on the top surface. In order to avoid the further oxidation of the metal, after all the ne scraps were melted, the heat preservation was carried out for 3 to 5 min. When the degree of superheat of the melt was about 150 K, the specimen was cooled with the furnace and the cooling rate was 10 K·min . After the solidi cation process was completed, the specimen was heated to the maximum degree of superheat. ese procedures were repeated several times until the alloy achieved the desired undercooling.
en, the specimen was taken out. e specimens were embedded into bakelite powder, abraded, polished, and corroded, and then the microstructure was analyzed by the 4xA HITACHI microscope and HITACHI S-3000N scanning electron microscope. e used etchant was 10% FeCl 3 + 10% HCl + 80% H 2 O solution. e microstructure, phase structure, phase transition process, and composition of the specimens were analyzed by the optical microscope, scanning electron microscope (SEM), and X-ray di ractometer (XRD), respectively. e phase structures of some specimens were analyzed on the Rigaka D/max-RB X-ray di ractometer produced by Japanese Science Company under the conditions of the scanning angle of 30°-85°, step size of 0.02°, and step time of 30 min.
Results and Discussion

Freezing Process.
e cooling curve of hypermonotectic Cu-40 wt.% Pb alloy melt is shown in Figure 2 . Recalescence occurred twice. Each recalescence corresponded to the formation of a new phase [16] . e rst recalescence (T n ′ -T r ′ in Figure 2 ) indicated that the liquid phase separation occurred in the melt (L → L1 + L2). e result was con rmed by the microstructure of the quenched alloy melt (Figure 3 ). Spheres were observed (Figure 3) , indicating that the liquid had entered the miscibility gap [6] . As shown in Figure 4 , the sphere is the Cu-rich structure (L1), as indicated by the component analysis results. e structure may be interpreted as follows.
e atomic volume of the solute Pb was larger than the atomic volume of the solvent Cu, thus distorting the crystal lattice of the solvent and increasing the potential energy. However, the system always proceeded spontaneously in the direction of decreasing the free energy because these larger atoms were always squeezed to the surface and enriched on the surface to form positive adsorption. e surface tension of the whole [15] . system was reduced because of the large volume of these atoms and the low surface tension. Due to the e ux of solute Pb atoms, the internal solvent Cu atoms were rapidly enriched and nucleated, so the sphere structure of surface Pb-rich thin layer and internal rich Cu (L1) was formed ( Figure 4) . However, in view of the thermal behavior, since the nucleation of L1 and L2 proceeded in quick succession, the growth of one was prone to stimulate the growth of the other [7] .
e second recalescence (T n -T r in Figure 2 ) indicated that the monotectic reaction occurred in the melt (L1 → α(Cu) + L2).
e L1 phase was the product of the preferential nucleation in the monocrystalline reaction. Figure 5 shows the solidi cation structure of undercooled Cu-40 wt.% Pb alloy at di erent degrees of undercooling. During the solidi cation process of low undercooling (40-75 K), the melt of the alloy underwent a liquid phase separation process. In the undercooled melt, the liquid phase of L2 (Pb) was distributed in the L1 (Cu) liquid phase. e monocrystalline reaction rst occurred in the L1 sphere. e monotectic cell grew along the direction of the heat release, so the formed α(Cu) grew in the form of brous and formed the radial pattern in the rapid solidi cation stage. e enriched L2 phase was distributed between α(Cu) and formed a metamorphic chrysanthemum-like structure.
Formation Mechanism of Monotectic Cells.
At the same time, the residual L1 after recalescence generated L2 phase between brous α(Cu) in the monotectic reaction. When the temperature decreased to 599 K, the eutectic reaction occurred in L2. e formed metamorphic cells were distributed uniformly in the solidi ed structure and the granular and brous Pb di used on the S (Cu)-based substrates ( Figure 5(a) ). With the increase in the undercooling degree, the number of formed metamorphic cells increased continuously and the growth of the metamorphic cell was accelerated. As a result, adjacent metamorphic cells were bound to each other and irregular metamorphic cells were formed in the solidi ed structure ( Figure 5(b) ). When the undercooling reached 80 K, the macrosegregation of Pb appeared obviously in the solidi cation microstructure ( Figure 5(c) ). With the increase in the undercooling degree, the strati cation phenomenon nally appeared in the solidi ed microstructure ( Figure 5(d) ).
Organization Evolution.
Within the small undercooling range, the large solubility was promoted by small droplet radius [17] , and the low viscosity and large di usion coe cient were caused by low undercooling, thus allowing Ostwald ripening [4] . Moreover, migration or coagulation did not occur within short time interval ∆t due to the low undercooling. erefore, the coarsening of L1 droplets within the undercooling range should be ascribed to Ostwald ripening.
With the decrease in temperature and the increase in droplet radius, the solid-liquid interfacial tension increased gradually and the solubility decreased, thus weakening Oswald ripening. At this time, the increased time interval ∆t was enough to support the condensation and collision of droplets, in which the main mechanisms included Brownian motion, Marangoni migration, and Stokes motion. e SEM images illustrate a characteristic microstructure of Cu-40 wt.% Pb hypermonotectic alloys under di erent undercooling degrees in Figure 5 . For the undercooling degree of 42 K, as shown in Figure 5 (a), some chrysanthemum-like structures consisting of two liquids occur in the matrix. One is the white Cu-rich (L1) phase, and the other is the black Pb-rich (L2) phase. As shown in Figure 5 (a), the outermost layer of chrysanthemum-like structure is L2 because the surface energy of L2 is lower than that of L1. ere is still partial L2 di used in the center of the chrysanthemum-like structure due to the solute retention caused by rapid solidication of α(Cu) to L2. With the increase in undercooling, the cooling rate is accelerated. erefore, the solidi cation rate of α(Cu) is accelerated and the solute retention of L2 is more obvious, as shown in Figure 5(b) .
In the early stage of liquid phase separation, due to the small size of chrysanthemum-shaped droplets, Stokes motion was not obvious, as con rmed by (1) and (2) [18] . As shown in Figure 5 (b), some L2 Pb-rich phases form larger particles through collision and coagulation, and the separation process is more complete than that shown in Figure 5(a) . With the increase in undercooling and the increase in the volume of the minority phase of L2 particles, the in uence of Stokes motion was gradually enhanced until v s was much larger than v m . At this point, the Stokes motion had a dominant e ect on the particles [19] . e results showed that the Pb-rich phase of L2 with the high density grew rapidly and sank and the matrix L1 Cu-rich phase migrated to the upper specimen due to the action of buoyancy ( Figure 5(c) ). In the later stage of liquid phase separation, with the obvious growth of the radius of the spherule, the Stokes motion was more obvious. At the same time, the undercooling degree was increased, and the Stokes motion rate was increased obviously [20] , thus accelerating the increase in the sphere radius. As a result, the liquid phase separation tended to be seriously segregated, indicating the phenomenon of delamination ( Figure 5(d)) .
SEI 20 kV WD15 mm SS70 ×2,000 10 μm Figure 3 : Microstructures of Cu-40 wt.% Pb hypermonotectic alloy under low undercooling.
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where r is the diameter of the globule, μ d and μ m are respectively the viscosities of the globule and matrix, σ is the interfacial energy, x is the distance, g is the gravity coe cient, and Δρ is the density di erence between the globule and matrix. separation mechanisms were described in detail. e results were summarized below:
Conclusions
(a) e nucleation process of L1 and L2 in the initial stage of liquid phase separation before the monotectic reaction of hypermonotectic alloy was first expounded in detail. e result was completely different from the previous study in which the liquid phase separation was confused with the monotectic reaction and the default L2 was the preferential nucleation phase. L1 phase nucleation was prior to L2 phase nucleation, and the nucleation of L1 and L2 proceeded in quick succession. (b) e formation mechanism of monotectic cells was described in detail. at is, α(Cu) which is generated in the metamorphic reaction grew in the form of fibrous and formed the radial pattern in the rapid solidification stage. e enriched L2 phase was distributed between α(Cu) and formed a metamorphic chrysanthemum-like structure. (c) In the early stage of liquid phase separation, Brownian motion and Martini migration played the dominant role, whereas Stokes motion was the main controlling factor in the later stage.
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